Starting from 4,4'-dimethyl-2,2'-bipyridine, five new 2,2'-bipyridines symmetrically disubstituted in the 4,4'-positions with either terminal alkenyl, (trimethylsilyl)aryl-or (trimethylsilyl)alkynyl groups, have been synthesized and structurally characterized.
Introduction
Since its first description at the end of the nineteenth century [1] , 2,2'-bipyridine has been extensively used as ligand for the complexation of metal centres. Today, it is even one of the most widely used chelate systems in coordination chemistry and in recent years has also become a very popular ligand in supramolecular and macromolecular chemistry [2, 3] . The success of 2,2'-bipyridine ligands is not only due to their useful electrochemical behaviour and variable photophysical and photooptical properties [4, 5] , but also to their ease of derivatization. During the last 20 years a large number of new and improved synthetic procedures for 2,2'-bipyridine derivatives have been developed, the most common of which were recently reviewed by Newkome and Schubert [6] . Of particular interest are 2,2'-bipyridines symmetrically substituted in the 4-and 4'-positions of the heteroaromatic framework. A very convenient synthetic route for such derivatives is the deprotonation of 4,4'-dimethyl-2,2'-bipyridine 1 to its dilithium salt 2, and reaction of 2 with alkyl halides [7] or aldehydes [8] (Scheme 1). If the latter reaction is followed by dehydratisation, derivatives with extended π systems are accessible. A variety of conjugated 4,4'-bis(styryl)-2,2'-bipyridines have been described by Bozec et al. [9, 10] who were interested in the potential of this class of ligands for the development of nonlinear optical devices [11] . In contrast to the well established chemistry of the transition metal complexes of 2,2'-bipyridine, less work has been carried out on the corresponding main group chelates [12, 13] . We have long been interested in 2,2'-bipyridylboronium cations since they are related to the organic electron acceptor Diquat and behave as fully reversible two-electron redox systems [13] . In recent years we prepared various complexes in which this electron acceptor unit was attached to an electron-rich ferrocene donor. These ferrocenyl 2,2'-bipyridylboronium cations turned out to possess very interesting electrochemical and photophysical properties [14 -18] . We are now planning to extend our studies to classical Werner type complexes. In this context, push-pull ligands featuring Lewis basic 2,2'-bipyridyl binding sites as well as Lewis acidic boryl substituents are promising target molecules. However, the problem arises that such difunctional ligands tend to self-aggregate via the formation of intraor intermolecular boron-nitrogen adducts. Herein we present the 2,2'-bipyridine derivatives 3 -7 ( Fig. 1 ) which offer the possibility to circumvent the problem of ligand self-aggregation.
Compounds 3 -7 can be regarded as precursors of push-pull ligands as they consist of a 2,2'-bipyridyl donor moiety together with different types of functional substituents known to be easily convertible into boryl groups under mild reaction conditions. If the transition metal-2,2'-bipyridyl complex is formed first and the boryl group introduced subsequently, selfaggregation should no longer be an issue because the metal ion is protecting the nitrogen donors. In the case of ligands 3 and 4 the key functional group is a terminal olefin which may be borylated via hydroboration [19, 20] . 3 represents the least complex parent compound whereas 4 was synthesized to enhance the steric bulk at the β -carbon atom and thereby increase the regioselectivity of the hydroboration. Trimethylsilyl groups attached to sp or sp 2 hybridised carbon atoms, like in molecules 5 -7, can be exchanged easily for dihaloboryl substituents upon treatment with boron trichloride [21] or boron tribromide [22, 23] .
For transition metal complexes bearing Lewis acidic boron atoms in their ligand sphere, a variety of applications can be envisaged. Reaction with a polymeric Lewis base offers the possibility to reversibly immobilize the borylated 2,2'-bipyridyl complexes on a solid support which may lead to the design of new catalyst systems. Moreover, addition of difunctional Lewis bases or application of a Suzuki-type reaction protocol provide routes to link 2,2'-bipyridyl complexes of different metal ions together in order to create oligometallic assemblies. The covalent linkage of different types of metal complexes is an important research field in contemporary coordination chemistry [24 -27] . For example, Williams and Arm recently described the synthesis of trinuclear bipyridyl ruthenium complexes by Suzuki cross coupling of boronic acid-substituted mononuclear complexes with bromo-substituted complexes [24] .
Syntheses
4,4'-Dimethyl-2,2'-bipyridine 1 was deprotonated at both its methyl groups by treatment with two equivalents of lithium diisopropylamide (LDA). Reaction of the resulting dilithium salt 2 [7, 28] with allyl bromide, methallyl bromide, 3-(trimethylsilyl)propargyl bromide and p-(trimethylsilyl)benzyl bromide gave the desired species 3 -6 (Scheme 1, Fig. 1 ) in good to moderate yields.
For the synthesis of 7, the dilithium salt 2 was first treated with p-(trimethylsilyl)benzaldehyde [29, 30] . Subsequently, water was eliminated from the resulting dialcohol 8 to generate the 4,4'-bis(styryl) derivate 7 (Scheme 1). Dehydratisation was achieved in a mixture of glacial acetic acid and acetic anhydride at reflux temperature following a procedure by Grennberg et al. [31] . Note that refluxing a toluene solution of 8 together with catalytic amounts of pyridinium p-tolu- enesulfonic acid in a Dean Stark apparatus [9] did not give the desired product.
NMR Spectroscopy
The ligands 3 -7 were characterized by 1 H, 13 C and (where possible) 29 Si NMR spectroscopy using d 1 -chloroform as solvent. For the complete assignment of the resonances, H,H-COSY, HSQC and HMBC correlation spectroscopy experiments were performed. The numbering scheme for molecules 3 -7 is given in Fig. 1 .
In the case of 3 -6, the 1 H NMR spectra show very similar chemical shift values for the 4,4'-disubstitued 2,2'-bipyridyl moiety with the H-3 and H-6 signals significantly deshielded with respect to the resonance of H-5. Hydrogen atom H-6 of compound 3, for example, gives rise to a doublet at 8.54 ppm ( 3 J = 4.9 Hz), the resonance of H-3 appears as a broad signal at . The same sequence of 13 C NMR resonances is observed for the derivatives 4 -6. In the case of 7, however, the C-4 atom [δ ( 13 C) = 145.7 ppm] is significantly more shielded than in 4 -6 and thus found at higher field than the C-6 resonance [δ ( 13 C) = 149.5 ppm]. Signals at 105.5 (C-9) and 86.2 ppm (C-10) in the 13 C NMR spectrum of 5 clearly prove C-9 and C-10 to be connected by a triple bond. The 29 Si NMR chemical shifts of 5, 6, and 7 are observed at −18.5, −3.9, and −3.8 ppm, respectively. We attribute the pronounced upfield shift of the 29 Si NMR resonance of 5 to magnetic anisotropy effects caused by the alkynyl functionality. lected crystallographic data are given in Table 1 . In all the molecules 3 -7 the two pyridyl rings adopt the usual transoid arrangement of 2,2'-bipyridines [9] . All ligands except 7 possess a crystallographic centre of inversion located at the midpoint of the C2-C2' bond rendering the two pyridyl rings coplanar. For 7, two molecules 7A and 7B are found in the asymmetric unit. Since corresponding bond lengths and angles of 7A and 7B are identical within the accuracy of the measurement, the average values are discussed here.
X-ray Crystallography
It is revealing to compare the torsion angle C3-C4-C7-C8 in molecules 3 -7, which is a measure of the relative conformation of the side chain with respect to the pyridyl rings. In the case of 3, the angle possesses a value of −44.9 (1) • , while it is 76.2(2) • in the closely related compound 4. Obviously, introduction of a methyl group at the C9 carbon atom has a pronounced effect on the molecular conformation. A C3-C4-C7-C8 torsion angle of −79.4 (8) • is also found in compound 6. Accordingly, the planar methylethenyl group in 4 and the phenyl ring in 6 are both situated in planes almost parallel to the plane of the 2,2'-bipyridyl fragments. A different situation is observed for 5 (C3-C4-C7-C8 = −170. 4(5) • ) where the rigid side chain is almost in plane with the 2,2'-bipyridyl moiety. The structure analysis of 7 clearly proves the transconfiguration of the C7-C8 double bond, as already deduced from the 3 J coupling constant for H-7 and H-8 in the 1 H NMR spectrum of this compound. The C3-C4-C7-C8 and C4-C7-C8-C9 angles are close to 0 • and 180 • , respectively (see Table 3 ), indicating that an essentially planar arrangement with a fully conjugated π system is energetically most favourable.
The pyridyl rings of 7 are almost coplanar (dihedral angle between the two rings: 0.6
• ) and the phenyl rings are twisted by 13.9 • and 15.2 • , for C9/C10/C11/C12/C13/C14 and C9'/C10'/C11'/C12'/ C13'/C14', respectively, out of the plane of the adjacent pyridyl ring. Although the molecules do not show any crystallographic symmetry, their geometry is close to the symmetry point group C i .
Conclusion
We have synthesized and fully characterized five new 4,4'-disubstituted 2,2'-bipyridines bearing terminal alkenyl-, (trimethylsilyl)aryl-or (trimethylsilyl)alkynyl groups as side chains. These functional groups offer convenient ways for introducing boryl substituents into the system via hydroboration Fig. 6 . ORTEP drawing of compound 7 in the solid state. Displacement ellipsoids are drawn at the 50% probability level.
Only one of the two crystallographically independent molecules is shown. (2) with HBBr 2 · SMe 2 [20] or via silicon-boron exchange [21, 22] . Thus, our derivatives represent precursor molecules for the development of Lewis acidbase push-pull ligands in which the acidic boryl binding site can be attached after the nitrogen donors have coordinated to a metal centre. This synthetic strategy should circumvent the problem of ligand self aggregation. We are currently investigating the chemistry of 2,2'-bipyridines 3 -7 in their chelate complexes and have first evidence that the introduction of boron works fine.
Experimental Section
General remarks 4,4'-Dimethyl-2,2'-bipyridine (1), allyl bromide, methallyl bromide, 3-(trimethylsilyl)propargyl bromide and lithium diisopropylamide (LDA) were purchased from either Aldrich or Acros. p-(Trimethylsilyl)benzyl bromide [32] and p-(trimethylsilyl)benzaldehyde [29, 30] were synthesized according to literature procedures and purified via vacuum distillation. All reactions were routinely performed under nitrogen using standard Schlenk techniques. THF was dried over sodium/benzophenone, CDCl 3 was dried using 4Å molecular sieves prior to use. NMR spectra ( 1 H, 13 
X-ray crystallography
A single crystal of 3 was measured on a SIEMENS SMART diffractometer, crystals of 4 -7 were measured on a STOE IPDS II two-circle diffractometer with graphite-monochromated Mo-K α radiation. The crystals were mounted directly into the coldstream of an Oxford Cryostream crystal cooling apparatus using perfluoropolyether oil. Essential crystallographic details are given in Table 1 . Data were collected using the ω-scan technique. An empirical absorption correction was performed with the program SADABS [33] (3) or by using the MULABS option [34] in PLATON [35] (5 -7) .
The structures were solved by direct methods [36] and refined against F 2 using the SHELXL-97 program [37] . All atoms were refined with anisotropic displacement parameters. Hydrogen atoms were taken from a difference Fourier synthesis (3) and refined with individual isotropic thermal parameters or placed in idealized positions and allowed to ride on the relevant carbon atom (4 -7). The absolute structure of 7 was determined by use of the Flack parameter [x = +0.08 (14) ]. The CCDC reference numbers are CCDC 264294 (3), CCDC 264293 (4), CCDC 264292 (5), CCDC 264291 (6) and CCDC 264290 (7) [38] .
General synthetic procedure for compounds 3 -6, 8
A solution of 1 in dry THF was treated with a 2 M solution of LDA in THF at 0 • C. The resulting dark orange mixture was stirred for 90 min at 0 • C and then added dropwise to a solution of the respective alkyl halide or aldehyde in dry THF, whereupon the colour of the dianion 2 disappeared. The remaining yellow reaction mixture was allowed to warm to ambient temperature before excess LDA was quenched with methanol. Isolation and purification of 3 -6 were achieved as described below.
4,4'-Bis(but-3"-enyl)-2,2'-bipyridine 3: 1 (1.84 g, 10.0 mmol), LDA (24.0 mmol), allyl bromide (3.03 g, 25.0 mmol). The reaction mixture was poured into water (50 ml) and extracted with diethyl ether (3 × 50 ml). The organic layers were combined, washed with water (20 ml) and dried over magnesium sulfate. Evaporation of the solvent yielded an orange oil. Upon storage, the oil gradually crystallized to give colourless needles which were triturated with a small volume of cold hexane. Yield: 2.24 g (85%). 1 (3 × 30 ml) . The ether layers were combined, washed with brine and dried over magnesium sulfate. Evaporation of the solvent gave a brown oil which was purified on a silica column (dichloromethane : ethyl acetate : NH 3 in
